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ABSTRACT 


Magnetic resonance techniques hae been applied 
to study the stability and conformation of the complex 
formed between Mn(II) ions and NADP in aqueous solutions at 
apiitotievts and 20°CA, ThesBPRedatasindicatemthat atmlow 
Mir NE) ion econcentraticns) ¢{Ma@hh) i=hl MiMs. [NADP)h=e5 mM), 
a 1:1 complex is formed with an apparent stability constant 
Ky ES) t+ 950 wot ac ,anmionne strenethiot 0322 tinetheepre- 
sence of 0.19 M Cl . The enthalpy of formation of this 
comp lex sassmeasured sby EPR techniques#iss+ (hod ¢te02sKeal/ 
Si. 


mol. PENMR hasebeensused tocestablish thatethescomplex 


is characterised by an exchange lifetime of t,, = 4 x 058 
seC. wand anewenthatpy oftactivationstonrchenieal exehange 
of D5. Fat O25 ikcal/moleundersthe tsameacondstionssssAt hach 
hMucliyereaxconcentrationsy a Mn (IT) ,-NADP SPCCIES MWEEh an 
apparenurstabibityeconstant K, =o Stas woh, LPSeapresentein 
Significant ammounts. 

Theidipolarvconrelationd tame (<") for NADP at 
Ocenia emia tedeto ben? loess sec., based on the 
measurement of proton longitudinal relaxation time ratios 
andea literature value of nd for NAD. “At ow Mn (it) on 
Concentrations, where there is only one distinct) binding 
Sitter or the Mn(ll) aon per NADP molecule, “the te and re- 
laxation data, together with the measured Ky value, were 
used to calculate distances between the Mn(II) ion and the 
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ce) 
tire Py nuclei: 2) “phosphateswomdal: low-field linkage 


phosphate, 3.6 A; nigh-fieldt linkage phosphate, 3.7 A; 
anoynoret hemprotons. adenine 48.4.5 .8 A; FENG Ue, ALAM Kobo Poorer aA AS A: 
aden tive? 5.40 Ee Nieotmiamade, 2.25.05 A; nicotanamade,6,, 
Sa A: Leo tCinamides Sie). 5 A; hicGuinamidconal', 5.28 Ne 
Nicotinamide 4:,°46.3 A. Based on these distances, a model 
LSepuOpoSed GO ted Oni Gil) CONpde teaWdt NAD Pa Tne th2s 
complex =the Moll) glonsisibonded, tomthesoxycensatomsmot 
all three phosphates, and the adenine and nicotinamide 
bases ave /Ptome A apa andspara kleine Lence athe Mno( LL) 
LON etiseselocatedsbetweeniand ¢oeonemside gota thestwor basess but 
Moma inet closer tO, the. adenine base. sslhenadenine: base 
1S in) the ant isconformation.whereass the ynacotanami de. moi ety, 
CaneberercLicr An tieesynl Or anti-conrormataon.,-lience 

there is Ii ttLesOmnoeclose: stacking (of themtwoubases sin 
the complex. The addition of Mg(II) ions to a solution of 
free NADP caused no observable shift of the aromatic proton 
peaks of the NMR spectrum, indicating that the rings are 


similarly oriented in both free and metal- bound NADP. 
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ABBREVIATIONS 


A = Adenosine 

N = Nicotinamide 

NMN = Nicotinamide Mononucleotide 

NAD = Nicotinamide Adenine Dinucleotide 
NADP = Nicotinamide Adenine Dinucleotide Phosphate 
NADH = Reduced NAD 

NADPH = Reduced NADP 

ADP = Adenosine Diphosphate 

ATP = Adenosine Triphosphate 

ADPR = Adenosine Diphosphoribose 

FT = Fourier Transform 

nOe ‘= nuclear Overhauser effect 


CHAPTER ONE 


INTRODUCTION 


The pyridine coenzymes, nicotinamide adenine 
dinucleotide phosphate (NADP Fisure 1)) and nicotinamide 
adenine dinucleotide (NAD), which differs from NADP only 
an not having the adenine Z’-raibose. phosphate eroup, are 
important in the matabolism of. all organisms. They are 
esecnucialieeOcnzyMesutOr =the haroest wroupe of .Oxidation- 
reaquccion enzymes, the pyridine- dependent dehydrogenases. 
The reactions of these enzymes involve the oxidation and 
reduction of the coenzymes: NADP or NAD 1s reduced and an 
H ion is added to the nicotinamide ring, forming NADPH or 
NADH respectively, Ofeche reduced formeof the coenzyne lias 
a proton removed. 

At pH 3, NAD 1s a neutral ‘molecule! and NADP has 
BeCiat ve Oto ac Dh ror tne proton rat. thea Al nitrogen 
Tomes chet eal Samph. Ot 6.0 for the deprotonation. of 
the 2 phosphate ot NADP (Sarmafand Mynott,. 1972). Thus, 
ateneutreal pies slice 10nization jo. the phosphate proups of 
these molecules is essentially complete and the binding of 
metal 2OnS to theveocnzymes iSea possibility. 

Diva lenwmimetal cataons.,wespecially Zn(II), are 
required for many pryidine-linked enzymes (Lehninger, 1975), 
and alLtihoughman cazyme requirine a complex of a metal cat- 
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Peasteone Case) thea ml) NADPH complex, as required tor an 
enzymatic. reaction “(Maloney and Dennis, 1977). 

THEGCONLOrmMavlon OL arsttpstraue or substrate= 
Netal 0p CONplexeinesolutcion iS generally ainretated "to the 
conformation of the substrate when bound to the enzyme 
(Mildvan and Gupta, 1978). However, the solution conforma- 
tion of the subStracenomrconpleximay.pe Of interest in 
asSessing contormational changes that take place? on; bind- 
He tOwal enzyme or the aitinity of the engyme tor the 
Substrate. 

The solution conformations of NADP and NAD have 
exec vely Sscudied by nuclear macnetics resonance (NMR) 
technigues (Jardetzky and Wade-Jardetzky, b966;> McDonald et 
peu, eB lumensteinwandeRattery, b97557 boanmetral 3) 97a; 
pe-ceavd catia L075 .eZ2ens, et al. ,- 19/0. andererercnces 
therein), ~A spectrum of NADP is shown: in Peure: 2. Chemre 
ealiciirt. Measunements inoly that these Cocnzymes, Cxise 11 
Anwequt lari Of erolded and ex lendedjtornsmeat room Temper - 
Boure ana 1Neulralepn. (Jardetzky and. Wade_lardetzky’, 1 900; 
Meveraldmet ale, 1372).) However, (themmertuuc ofsthe untold 
Ed storms uUncbear., Ugeislertand Hollis @RO75) - found that 
Nemethy! Nicotinamide and adenosine diphosphate (ADP) -asso- 
Clatea im sOluUL Lone and conciuded. that) the adenine and s1co- 
tinamide rings must) associate in folded NAD. ‘Sarma and 
Mynect (1075) preposed axmodel in which the Lwo rings, are 
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AQEROteapp uoachaeagheatherscloserjthang4.5 A for a time 
comparable to the rotational correlation time of NAD. 

Xo Tayeetu re sa voachiver etwal io) /)ashow that 
in the solid state, Li(I)-NAD is extended with adenine 
Stacked intermolecularly on nicotinamide and the Li(l) ion 
1s coordinated to the A7 nitrogen and to’ three of the phos- 
phate oxygens. NMR studies of Co(II) binding to NADP 
iwi rie cwandeenast Co dem auletia LO wl Olred) Lecwet a lon, 
Po7s)e show direct binding of Co(1ll) to °the phosphate Link- 
ave win SOLUtLON. 

The stability constant for the Mn(I1)-NADP com- 


piex has been determined to be approximately 800 Mie 


(Malo- 
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with NADP have been studied using electron paramagnetic 
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CHAPTER TWO 


THEORY 


(a) EPR 

Although the binding constant for the Mn(II)-NADP 
complex has been determined by other workers (Coleman, 1972; 
MatToney and Dennis, 1977), the binding constant is, of course, 
dependent on experimental conditions, and as the conditions of 
this study were somewhat different than those in the literature, 
it was neccessary to measure the binding constant and number of 
binding sites under the conditions of the present study. 

The binding of Mn(II) to a small molecule may be con- 
veniently monitered by measuring the intensity of the EPR spectrum 
of the Mn(II) ion in the presence and absence of the molecule of 
interest since the intensity of the manganese signal drops dras- 
tically on binding, and the signal observed is essentially only 
due to the free Mn(II) (Cohn and Townsend, 1954). This loss of 
intensity is due to a decrease in the transverse electronic 
relaxation time (T,) of the Mn(II) ion which occurs on binding 
(Reedscteal«.1971). 

In the case of a metal ion binding to n equivalent 
Sites on a molecule, data on the concentration dependence of 
binding is readily analysed to yield the number of binding sites 


and the stability constant, Ko, eermedias: 


K = _ ML (1) 


th oon pay inva i 


1 


nenrreny ene nme we 


en 


ii # wa hat tom ne sin ee Aye #9 ii pti wie ae 


' a ye ine Hoh bis | , YDS 
ae “nin i ia: w ‘ahi oh hi rer, du ‘eh a on f sie oats: me 


“| “ or if oo) ivanell it | 


A 
Ps) 


x ae e Fat f at iene Li cl 


ta i 


vial ping on ve so ihn, tig yin 


5 huss 
A oe a rn 


where ML = concentration of filled binding sites 


Me = concentration of the free metal ion 


L 


ine concentration of the free ligand 
Since ML = M, the concentration of metal ion bound, 
and nh, = nL = My» where L, = total ligand concentration, 


equation (1) may be written as: 


K, = peat an aimeriae 2 JE)Ms Lgl a (2) 
Sa hae dais en ea 


Tt 


where uU = MA/L,. is the average number of metal ions bound per 


ligand. Equation (2) may be written as: 
W/M, 7 K. (Tiras) (3) 


Hence’ a plot of H/Me versus y yields a straight line 
with @ y intercept = Kon and an x intercept’ ob n, with a slope of 
“K.. This is known as a Scatchard plot. 

A plot of the present EPR data, however, gave a curved 
line with an x intercept of about 2, indicating two non-equivalent 
Sites. The binding scheme for the case of two non-equivalent sites 


may be represented as shown: 


k 
iy Si, 


L=——*—> IM(2) 


where L = the free ligand molecule 


LM(1) = the ligand with a metal bound at site (1) 
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IM(2) = the ligand with a metal bound at site (2) 


S 


D the ligand metal bound at both sites and k; k; 
Ko» and ko are the microscopic binding constants. 
ifthe twoebincingesites do not interact, that is, 


binding at one site does not affect the other, then k, = k,, and 


Zi 
k, = k5 and the microscopic binding constants may be extracted 


from a fit to the following equation (Villafranca and Mildvan, 1971): 


Eee ‘ ar 
M, k + k, i 2k, koMe (ky ns k, + k, koM,)H (4) 
If the sites do interact, and microscopic binding 
constants are difficult to measure, then the macroscopic binding 
constants may still be obtained. Deranleau (1969) gives the equation 
relating the UV absorbtion to the macroscopic binding constants 1 


and K, for the general case (sites may or nay not interact): 


A 1 K\Me + 2K, KM,” 
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where A = absorbance 


Se=_Saturacion traction -- the: traction op total sites 


occupied 
& = extinction coefficient ‘of IM, 
Ky = first macroscopic binding constant = ky it k, 


K, = second macroscopic binding constant and 


1/K, = 1/k, + 1/k, 5 = 1/k, mul 


Here it has been assumed that only the complexes absorb 
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and that the two LM species have equal extinction coefficients equal 
to ©/2. 

For thesEPRecase. -Lhis equation may. be applied fou, the case 
where the bound Mn(II) ion does not contribute to the EPR signal 
intensity. This is a good approximation for metal-nucleotide complexes 
(Cohn and Townsend, 1954). For two binding sites, w= 2s, and equation 


(5) may be rearranged as follows: 


¢ ota. (6 
Pe let K Me s K) KoMe 
Once Ky and K, 


tion of one of the microscopic binding constants will allow the 


are determined, an independent determina- 


calculation of all the microscopic constants of the system. 

Note that for two interacting sites, the x and y inter- 
cepts of a Scatchard plot (W/M, vs i) have meanings analogous to 
those for the Scatchard plot in the case of n equivalent and in- 
dependent binding sites: the y intercept (that is, the value of W/Me 
as Me 70) equals. Keand frhe x intercept, (the value of jas Me > a) 


equals 2, the number of binding sites. 
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(b) NMR 

The equations for the relaxation times of a nucleus bound 
near a paramagnetic species have been derived by Solomon (1955) and 
Bloembergen (Solomon and Bloembergen, 1956) and modified by Connick 
and Fiat (1966) and Reuben et al. (1970). These equations are 


written as follows, assuming We >? Wri 
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where S = spin of the paramagnetic species 
Wr = magnetogyric ratio of nucleus I 

g = electron g factor 

8 = Bohr magnetron 


r = distance from nucleus to the paramagnetic ion 


We =saloularselectron precession frequency 


i 
eh? | 


te angular nuclear precession frequency 
e = scalar coupling constant between the nucleus and 


the paramagnetic species 


Re the dipolar correlation time 


1/tp + 1/n - 1/t, + 1/T x) + 1 / Tee and 


4 
i 


R rotational correlation time. 
Ty = exchange lifetime; mean time that a ligand is bound 
ie srelectron relaxation time 
Strictly speaking, the equation should be modified to take into 
account the fact that the transverse and longitudinal electron 
relaxation times for Mn(II) are each characterized by three re- 
laxation times (Rubenstein et al., 1971). 
Fortunately, the magnitudes of A/fi and oR for octahedral 
Mo( It) “complexesrare such that (Rubenstein et al., 19/1; Swift, 1973; 
Dwek, 1975) the second (scalar) term in equation (7) is negligible 
and furthermore, for a small molecule such as NADP, the magnitudes 
of the electron relaxation times and the exchange lifetime for Mn(II) 
are generally much larger than Tp. Thus, to a good approximation 
HO = 1/t, and there is only one correlation time to consider. In 
addition, at 100 MHz, for a molecule as small as NADP, wat. >> 1, 


Svc 
so that equation (7) may be written as: 
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For nuclei relaxed by Mn(II), equation (9) may be 


written as: 
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where C is a constant equal to 812 for protons and 601 for 
=p nuclei. For a system in which not all of the ligand molecules 
are bound to the paramagnetic species, Ti (a8) ion 2)"is related 


to the observed relaxation time, T. by (Luz and Meiboom, 1964; 


1,Mn 
Swift and Connick, 1962): 
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where 1/T.» = contribution of the paragnetic species to the 


relaxation rate 


— 

SS 

hr 
I 


contribution to the relaxation rate by the 
paramagnetic species not directly bound 


(outer sphere relaxation) 


eH 
iH} 


fraction of nuclei bound to paramagnetic species 
Sab chemical shift difference between bound and free 
nuclei 


Z 
In Mn(II) systems, = >> Au! and hence equation (12) 
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It can be seen from equation (9) and (11) that distances 
may be obtained from Tip measurements only if Ti >> Thy ibe Ty << 
Tau (fast exchange region) and Wale aes ties. then 1/fT 5 QL 
tT for WrTp << 1. Since the temperature dependence of TR is given 
by the following equation (Dwek, 1975): 


Nits T &XP oF 


(14) 
where ™R = a constant 
ER = activation energy associated with the rotational 
motion 
R = the ideal gas constant 


T = temperature (°K) 


ae iLOlsOr ain 1/£T,), versus 1/T will give a straight line of positive 
slope ED/R. On the other hand, if ty >? Ti (slow exchange condi- 


tions) and. 1/7: <<il/itts., then 1/it--1o 1/7... che temperature 
A, i 1P M 


Pp? 
dependence of Ty Ispoiven pve (Dwek. 1975) ; 
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S= 


where h = Planck's: constant 


k = Boltzmann's constant 
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AH* = enthalpy of activation for chemical exchange 


ice entropy of activation for chemical exchange 


In vthisscase.  aaplou or In(1/fT, 5) versus 1/T will give 
a line of negative slope and a plot of In(1/£T,p - kT/h) versus 1/T 


will give a straight Line of slope ~AH*/R, 


15 


- ae ere Hua 
jek ae 
et eo i en 
¥ 
1. fae 7 


er hy 


16 


CHAPTER THREE 


EXPERIMENTAL 


NAD (free acid) and NADP (monosodium salt) from Sigma 
Chemical Co. and N-ethyl morpholine from Eastman Organic Chemical 


Co. were purified as described below. MnCl - 410 from Fisher 


4 
SementificeCo.; jand?kCl, (from Jet. ‘Baker<Cocsuwene used without 
further purification, 

The NAD and NADP were purified by passing a solution 
of the coenzyme through a 1 x 20 cm colum of Chelex 100 (from 
Bio-Rad Laboratories) which had been rinsed with HCl, methanol, 
and NaOH followed by equilibration with NaKHPO, Duareriat pi 
and extensive rinsing with doubly deionized distilled water until 
the eluted water was at pH >9. After purification, the coenzyme 
was lyophilized, then lyophilized 2-3 times more from Dq0 and 
stored frozen in a desiccator. The =p linewidths of undegassed 
samples which were purified in this manner were < 1.5 Hz. 

The D0 was 99.7% substituted, and was vacuum distilled. 
The N-ethyl morpholine was used without purification for the EPR 
experiments, and was vacuum distilled for the NMR experiments. 

All glassware was cleaned thorougly to eliminate 
paramagnetic contamination of the samples: items were washed, soaked 
in 20% nitric acid for at least 8 hours, rinsed three times with 
distilled water, rinsed with EDTA solution, rinsed three more times 


with distilled water, and then rinsed three times with doubly dis- 


tilled water. 
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PREPARATION OF SOLUTIONS 


Stock solutions o£ MoCl..4H.0.1ns0s100 MM KCL in H,0 were 


2 
made up with the Mn(II) concentration varying from 2 x Me M to 4 x 
1Gac M and were used for all experiments. The small amount of H,0O 


2 
introduced into the NMR samples by using these stock solutions did 


not arfect the present experiments. Stock solutions of 0.250 M 
N-ethyl morpholine in 0.100 M KCl (pH was adjusted to 7.52 by addi- 
tion of HCl and NaOH), and 0.365 M KCl were prepared in H0 LOmmeene 
EPR experiments and in D,0 for the NMR measurements. NADP and NAD 
stock solutions at a concentration of about 0.25 M in 0.100 M KCl 
were prepared for 2 or 3 samples at a time. For each coezyme stock 
solution, the concentration was measured by UV absorbtion (€= 1.80 
me 10° at 260 nm and pH 7.4; Pabst, 1954) and the stock solution was 
stored frozen. 

After several preliminary experiments, the following 
procedure was devised for preparing the EPR samples: All samples 
were made up with a nominal ionic strength of 0.233 + 0.005 and a 
Cl ion concentration of 0.203 + 0.005 M (see Table I). For each 
experimental point,a standard solution was prepared using 1.00 ml of 
N-ethyl morpholine stock solution, 0.250-2.50 ml of MnCl. stock 
solution, and zero to 1.25 ml of 0.365 M KC] in a 5 ml volumetric 
flask which was then filled to volume with 0.100 M KCl. For the sample 
solution, identical amounts of the stock solutions were measured 
into a 5 ml beaker, the pH measured on an Orion 801 digital pH meter, 
0.250 to 1.00 ml of coenzyme stock solution added, and the pH (which 
changed by less than 0.15 pH units aif the addition) was readjusted 


with dilute NaOH (less than 50 ul was required). The beaker was then 
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emptied into another 5 ml volumetric flask. The beaker and pH 
probe were then rinsed into this flask, and the flask filled to 
volume with 0.100 M KCl. All samples and standard solutions had 

a measured pH of 7.52 + 0.10. The Mn(II) ion concentrations varied 
from 0.8 mM to 20 mM and the NADP concentrations varied between 
1.33 mM and 4.5 mM. 

After mixing, the sample and standard solutions were then 
each drawn up into a 25 yl or 50 yl disposable micropipet and the 
micropipet sealed with wax at both ends. The micropipet was then 
placed in the EPR spectrometer and a spectrum recorded. Samples with 
high Mn(II) concentration (6 mM or greater) started to precipitate 
after 2 to 3 days, and so were run immediately after mixing. EPR 
Signal intensity ratios (sample to standard) remained constant for 
ate teasp several wiours ai ter mixing. 

ror ene NVRwexperiments,. the tonic strength (0/219) and=the 
Cl ion concentration (0.193 M) were slightly different from those 
for the EPR experiments, but not enough fo -sicnificantly attrect the 
results. A Mn(II) ion stock solution was prepared by diluting a 


Pectson or the 2.00 Minti) Stock used for sthe EPR in’ ),0, Unlike 


2 
the EPR samples, NaOH was not added after the addition of the NADP; 
the measured pH was about 7.6 (pD 8.0, Lumry et al., 1951) and it 

was felt this was high enough that the risk of contamination involved 
by addition of another reagent was not worthwhile. The NADP concentra- 
tion was about 4.5 mM for all samples, and the Mn(II) concentration 
varied from 0 to 6.0 mM, The concentration of NADP in all samples 


was measured by UV absorption. 


The temperature dependence of binding was studied by EPR 
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at the lowest concentration of Mn(II) used for the Scatchard plot 
experiment (0.800 mM). A low concentration was used so that only 
binding due to the first macroscopic binding constant would be 
observed. The temperature dependence of 1/T1p for protons was 
studied using a solution with an optimum concentration of Mn(II) 
for measuring the relaxation of the fastest-relaxing nucleus (1.0 
uM). The concentration of Mn(II) chosen for the ay linewidth 
temperature study balanced two requirements: low concentration for 
readily observable signals, and high concentration for a large 
amount of broadening, The nuclear Overhauser effect(nOe) experiment 
was run at 304°K on a sample similar to the other NMR samples, 
except that the NADP concentration was 0.05 M and the sample was 


vacuum degassed. 


EPR EXPERIMENTS 

EPR measurements were obtained using a Bruker B-ER 400X 
EPR console (X band) interfaced with a Varian V3601 12 inch magnet 
and a Varian VFR FielDial Controller. Points for the Scatchard 
plot were measured with room temperature N, (293 °K) blown through 
the cavity. Most of the spectra were obtained using a Varian double 
resonance cavity with the intensity ratios of the sample and stan- 
dard being taken as the average ratio of all six Mn(II) ion peak 
heights for both possible arrangements of the samples (sample in 
front with standard in back or vice-versa). Some of the spectra taken 
for the plot and those for the temperature dependence study were run 
using a Bruker single cavity which gave much greater Pe and 


equal reproducibility. For the temperature’study, the temperature 
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was controlled using a Bruker B-ER 100/700 temperature control unit. 
vu and WMng (Mne = [Mn(II)]¢,,) were calculated from the 
intensity ratio using the following expression: 


EeSi1ona bore tree inGun) . Signal of sample 
pe “sional or total Mall) i Mn signal of blank : ute (hs 


where Mn, = [Mn (IT) ] tad 
Hence it is possible to calculate the concentration of Mn(II) bound 
to NADP, Mn» from a measurement of the relative signal intensities 


and thus 7i and W/Mn ¢ if [Mn(II)] is known, 


total 
Because Mn(II) ions are known to bind Cl ions with a K. 
for MnCl* of 3.7 Mt (Gryzbowski et al., 1970), points were also 
calculated corrected for Cl binding. This was done according to the 
following procedure. Using the known value of K, and total concentra- 
tions of Mn(II) and Cl , the actual free Mn(II) concentration in the 
standard solution was calculated, and assuming that MnCl’ does not 
Contribute, CO che EPR osional intensity, the sree Mn (1) .concentra- 
tion in the sample was calculated from signal intensities. (In a 
Sepanace ;experiment.. the eR spectrum oiet he Mol.) on. iin saturated 
KC1 was obtained and the results indicate that the MnCl” ion gives 
rise to some signal intensity, but it is relatively small.) This 
value for the free Mn(II) ion concentration was then used to calcul- 
ate the concentration of MnCl” and then the actual amount of Mn (IT) 
bound to NADP. The possibility of Mn(II) ion binding to N-ethyl 
morpholine was ignored as the Ke for this interaction is known to 


be small (O'Sullivan and Cohn, 1966). 
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NMR EXPERIMENTS 
(a) Proton Ty measurements 

Proton magnetic resonance spectra at 100 Miz using the 
deuterium resonance of we as the lock signal were obtained using 
a Varian HA-100-15 NMR spectrometer interfaced with the Digilab 
FTS/NMR-3 Fourier transform system, the pulse unit (FTS/NMR 400-2) 
and the Nova 1200 computer. The temperature was maintained using a 


Bruker B-ST 100/700 temperature control unit. T, measurements were 


1 
carried out using the 180°-1t-90° inversion-recovery pulse sequence 
(50-100 pulses). A typical set of spectra so obtained is shown in 
Pigure 3.) For most experiments, the residual HDO peak was saturated 
using a Hewlett-Packard HP 5100B frequency synthesizer, which im- 
proved the signal-to-noise ratio with no apparent change in the 
measured Ty values. Peak height measurements from the spectra 

were used for the T, calculation; for the nicotinamide N4 and N6 
proton resonances, average peak heights of the doublets were used, 
but for the nicotinamide NS and N1' and the adenine Al' proton 
resonances, only one peak could be used due to the overlap of 
Signals. Data for the amplitude and t were computer simulated to the 
equation governing T) relaxation, A = A, (.-2exp (-1/T, )) to obtain a 
Value tor 1 


(by ~p T 


, With an uncertaintly Oi tea. 


and T, measurements 
car 
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P linewidths of NADP in the presence and absence of 
Mn(II) (0.33 uM) were measured on Bruker HFX-90 NMR spectrometer 
at four temperatures. Temperature was controlled using the Bruker 
B-ST 100/700 unit. i/fT, for each resonance was calculated from the 
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FIGURE 23. dy inversion recovery spectra for pure NADP, 


Eachespeccrum represents -5Uspulses. 
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where Av = linewidth at half-height of the resonance in 
1/2,Mn 


the solution containing Mn(II) ions 
ae g = linewidth at half-height of the resonance in 
5) 


the pure NADP solution 


3p qT) measurements were run at a frequency of 110 MHz 


(28°C) and at a frequency of 146 MHz (25°C). 
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CHAPTER FOUR 


RESULTS 


Typical EPR spectra of Mn(II) ions with and without NADP 
added to the solution are shown in Figure 4. The intensity of the 
Signal decreases in the presence of NADP due to binding. It proved 
impossible to detect a signal due to the Mn(II)~NADP complex: at 
high ratio of Mn(II) to NADP concentration, the free Mn(II) signal 
was very strong (due to the weak binding constant) and at low con- 
centration ratios, the high concentration of NADP..resulted in ex- 
tensive stacking and increased the solution viscosity; stacking 
and increased viscosity would both be expected to broaden the signal, 
making it difficult ot observe. 

Figures 5 and 6 are Scatchard plots based on the EPR data, un- 
corrected and corrected for the presence of MnCl”, respectively. (he solid 
lines represent the best computer fits obtained assuming 2 interacting 
binding sites. A weighted non-linear least squares program was used, with 
the points weighted by Wes: where o is the effective error assuming 


doe 6 error an the ratio M_/M Thewtemoera ttre dependence ofthe first 


te 
macroscopic binding constant is shown in Figure 7. 

If two, mucle. re. close. to cach other, the intensity of 
the NMR signal of one may change if the other is irradiated at its 
Resonant, 1 requency,, iiseer rect, as, termed the nuclear Overhauser 
effect. (noe) .vit the nOcsexperiment sppertormed. jn this work, (f1eure 3) 
irradiation at the N2 proton peak position caused an increase in 
intensity of the right-hand (upfield) peak of the anomeric triplet 


vt r : - y f . " 
(actually, two doublets, corresponding to Al" and Nl, are super- 
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imposed), indicating that for NADP under the conditions of this 
study, the N1' doublet is to high field of the Al' doublet. All 
of the other proton resonances labelled have been assigned pre- 
viously (Jardetzky and Wade-Jardetzky, 1966; Sarma and Mynott, 1973). 
The temperature dependence of 1/£T) p LOleilVe yore the 
protons is shown in Figures 9 and 10. Plots for the three other 
observable protons are not shown because of the large error in- 
volved resulting from using a metal concentration which was not high 
enough for accurate measurement of 1/£T) 5 for these protons. 
The proton decoupled ails spectrum of NADP obtained 
in this work is essentially the same as that reported previously 
(Blumenstein and Raftery, 1972; Sarma and Mynott, 1972): one 
peak at low field corresponding to the aa of the 2'-phosphate 
group, near the inorganic phosphate region, and an AB quartet about 
13 ppm to high field of this resonance, corresponding to the two 


ay nuclei of the phosphate linkage. An undecoupled spectrum was 


obtained at 110 MHz, and the - 


P-H coupling constants between the 
linkage ae nuclei and the non-equivalent C5' protons were measured 
ZOgder4 0 Hz. andwo.ceHz ror the tow: field Sip resonance of the 
Quartet, and +/.4 Hz-and 4.4) Hz for the hich field resonance. Un- 
fortunately, these values do not correspond closely to the coupling 
constants obtained from the proton spectrum by Bose and Sarma (1975) 
and an unambiguous. assignment of the oe resonances to the respective 
linkage sae Wucber ‘cannot pe made at this time: 

The T) values obtained for the various Mn(II)-NADP 


solutions together with the calculated Tiny Values are listed’ in 


Table LI for the protons and Table III for the oip Mucel. 
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Finally , the temperature dependence of 1/f£T,, Lor ithe 
jb miciéi-is’ shown in Figure 11. One line was drawn to fit the 
points for both of the linkage phosphate ap nuclei, because 
linewidths for these nuclei could not be separately resolved in 
the spectra of the Mn(II)-containing sample. A separate plot 
(not shown) of In(@/fT, 5 - kT/h) versus 1/T gave AH* PO les 
nuclei to berl3¢/7 + 055 Kceal/mol.. 


Comparison of the T, values for the N-ethyl morpholine 


iH 
proton resonances in a pure NADP solution with those measured for 
N-ethyl morpholine in a solution containing 1.0 uM Mn(II) ions 
gave a value of 1/T,p for these resonances of about 0.05 sec}. 
As N-ethyl morpholine complexes very weakly with Mn(II) ions, 
(O'Sullivan and Cohn, 1966) this value may be regarded as an 


upper limit on 1/T, ‘ for the NADP protons. A comparasion of 
. +] e 


.S 
this number with 1/Tjp for the NADP protons under the same con- 
ditions shows that outer sphere relaxation will not significantly 


affect any of the distances calculated from 1/Tjp 
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FIGURE 8. The nOe experiment on NADP. The top spectrum is an ordinary 


spectrum of NADP. All conditions for the bottom spectrum are 


identical, except that the sample was irradiated at the 


frequency of the N2 proton resonance. Peaks labelled BI are 


images of the N-ethyl morpholine resonances at 6 = 3.1 and 


§6 = 1.4. 
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A2(@e), and N2(g) proton resonances of NADP. 
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1,0 and Oy in data for Mn(II) 


-NADP solutions together with calculated TM 
(a) 


values (sec) 


PRO) pp) py) 


No. 

1 0 ig cea) | a 

2 0 ey eis ORE Sor atid 

5 0.2 Teen tesun mela) 71220 
Te oa Ae ches Din 

4 0.33 i ae ae Fee) 586 
Ta SEB 6s WaT 97 801.75.6 

5 0.5 oe 90 94 
Te Meda Mets aie 2075 

(a) | Ty Values are multiplied by 10°. 


(b) 


(c) 


(d) 


Samples 1,3, and 5 were run at 146 MHz; samples 2 and 4 
were run at 110 MHz. 

PReePL, and shri represent. the ip resonances corresponding 
to the 2'-ribose phosphate, the low field linkage phosphate, 
and the high field linkage phosphate, respectively. 

Ty Values are calculated using the blank value of reo 


obtained at the same frequency as T : 
1,Mn 
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-NADP. The symbols are: & = 2'-phosphate Sipe O = low field 


linkage *4p; x = high field linkage *p, 
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CHAPTER. FIVE 


DISCUSSION 


The) fit ofsthesuncorrected: EPR points, (Figure 5) gives 
apparent macroscopic binding constants of Ky Seo Se yl 2 wl and 
ison tel wt, Theterrorjlamits: represent the:caleulated 99% 
confidence limits, but a value of 370 + 50 wt for whe: first 
binding constant is probably more appropiate if the experimental 
erronmsan Cach pointes considered, 

This value of K; instherpresence of90.2).M Gis ion, is 
smaller than the values obtained by Maloney and Dennis (1977) and 
Coleman (1972); 760 wt and 911 wt GESPeCtived y, min wne, presence of 
little or no Cl ion. However, the value determined in the present 
study is used in interpreting the NMR results as the NMR and EPR 
samples were prepared with essentially the same Cl ion concentra- 
tion and ionic strength. 

When the EPR points are corrected for the Cl ion 
concentration, as explained in Chapter 3 (Figure 6), the fit appears 
to improve slightly for points at high values of T, and binding 
constants of K, = 642 + 7 M+ and K, = 88 + 13 m7? are obtained. 

As before, the error limits quoted are 99% confidence limits and 


a more realistic value for K, would be 640 + 90 wt, 


This value of 
kK is in good agreement with the value of 760 wt reported by 
Maloney and Dennis (1977) with no Cl present, especially consider- 
ing that the ionic strength employed in the present study is much 
higher (0.23 as opposed to 0.026). Coleman's corrected value of 


1280 Mt (1972) is much higher, and the reason for this unknown, 
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Maloney and Dennis (1977) and Coleman (1972) did not 
observe two binding sites for Mn(II) ions on the NADP molecule, but 
they never considered the possibility, and at low concentrations of 
Mn(II) ions, it is possible to explain their observations in terms 
of one binding site. 

In order to establish the temperature dependence of ST 
SO’ that the* variable’ f im ‘equations *(12) and" (13)* could be’ deter- 
minedycorvall "experiments, a pilot of “in KG versus 1/T was made 
(Figure 7). This plot shows that the enthalpy of the Mn(II)-NADP 
interaction is small and positive (+1.3 + 0.1 Kcal/mol). Values for 
the two related molecules, adenosine diphosphate (ADP) and adenosine 
triphosphate (ATP) have been reported to be +2.6 Kcal/mole and -4.9 
Kcal/mol respectively (Jallon and Cohn, 1970). The value obtained 
for NADP is much closer to that reported for ADP. 

The"nve experiment "(Preure os) "ended the uncertainty in 
the literature concerning the assignment of the anomeric N1' and 
Al **proton peaks, “The assignments” for these protons in’ the literature 
vary, apparently depending on the experimental conditions (Jardetzky 
and Wade-Jardetzky, 1966 ; Sarma and Mynott, 1973; Bose and Sarma, 

Oy S's 

Egan et al. (1975) observed an nOe in nicotinamide mono- 
nucleotide (NMN) of 0.14 for the N1' proton signal when the N2 
proton was irradiated and 0.17 when the N6 proton was irradiated 
ateneitra pie anud 55 6. sim the nOe experiment reported here,» the 
irradiation was centered on the N2 peak position, but this irradiation 
also saturated most of the N6 signal. Thus an increase in signal 


intensity of the N1' peak of 30% (14% + 17%) was observed. 


4] 


oe 


By examining the structure of NADP (Figure 1), the two 
primary binding sites for Mn(II) ions can be readily located. These 
are phosphate linkage oxygen atoms and the oxygens of the 2'- 
phosphate group. The possibility of distinct binding sites at either 
the nicotinamide C=O oxygen or the adenine N7 nitrogen seems unlikely 
as these would be much weaker binding sites for the Mn(II) ion than 
either phosphate group. Although there are obviously two Mn(II) ion 
binding sites at high Mn(II) ion concentration, it appears that under 
the conditions of the NMR relaxation measurements, that is when the 
Mn(II}) ion concentration is much less than the NADP concentration, 
one Mn (II) eta Simultaneously to both the 2'-phosphate group 
and the phosphate linkage. : 

Examination of molecular models shows-that it is quite 
feasible for Mn(II) to bind to both phosphates as long as the 
adenosine ribose is in the 2'-endo conformation. This idea is 
further supported by comparison with Mn(II) binding to NAD. If 
at low concentrations of Mn(11I) ions, there are two distinct 
binding sites, then one of the second microscopic binding constants 
(the one he Mn(II) ions binding to the species in which one Mn(II) 
ion is already bound to the 2'-phosphate of NADP) should equal that 
for Mn(I1) ion binding to NAD. However, a separate EPR experiment 
on the Mn(II)-NAD complex gave the—binding constant equal to 26 wl, 
ahis results inconsistent with the measured second macroscopic 
binding constant for Mn(II)-NADP of 54M” (1/K, = 1/k,#1/k,, = 
1/k5+1/k,, and hence kK and ko are both greater than K,). This 


implies that only one and not two distinct species of Mn(II)-NADP 
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are present in solution at low Mn(II) ion concentrations. 
In addition, the plot of In 1/fT,,, versus 1/T (Figure 11) 
for the ap resonance has a straight line with negative slope, 


indicating that Top for these nuclei is in the region of slow ex- 


ut 


change and therefore 1/£T,, equals 1/t- All three : P nuclei have 


almost the same value of Ty at ZOSGH(49 11059 sec) and the same AH* 


(13.7 + 0.5 Kcal/mol). These results are consistent with the one 
binding site interpretation of the data and argue against two distinct 
binding sites, namely one at the 2'-phosphate and one at the linkage 
phosphates. It is unlikely that two binding sites would have the 
same values of Ty and aH", 
It is obvious from equation (9) that a value of Tp is 
required in order to carry out distance calculations for the Mn(II)- 
NADP complex. In order to obtain a reliable value of Tp» che T} 
values for NADP under the conditions of the present study (0.005 M 


NADP, pD 8.0, 20°C) were compared with the T, data obtained by Ellis 


ik 


and co-workers (Zens et al., 1975, 1976) for NAD under similar con- 
ditions (see Table IV).Ellis and co-workers (Zens et al ., 1976) 


10 sec under their conditions 


measured t, for NAD to be 2.8 x 10° 
(0. 005° M*NADS pb .0, 52C)e Since Ty a. Wt, for intramolecular dipolar 
relaxation, the ratio of the Ty values should allow the calculation of 
a value for Tp for NADP, since NADP and NAD are very similar in 
structure. Table IV indicates that for 6 of the 8 protons which may 

be compared, Ty) app’ "7 NAD is close to 1.7, hence To app’ Te NAD = 
0.60 and thus tp, for NADP is 0.60 x 2.8 x 10°19 sec = 1.7 x 1074 sec. 


+ q 
The smaller Ty app’! NAD ratios for the A8 and Al 
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protons can be attributed to the presence of the 2'-phosphate group 


in NADP. Al' and A8 are both close to this phosphate and the oth 


nucleus may be expected to contribute to their relaxation. 
Alternatively, TR NADP may be claculated from TR Nad 


from the mass and temperature dependence of t,,. The Stokes-Einstein 


R° 


equation predicts that for similarly-shaped molecules, TR oO the 


molecular mass. Thus, at the same temperature, T wap’ "R,NAD equals 
MASS pp/MASSyays Furthermore, the temperature dependence of Tpis 
given by equation (14). The temperature dependence of Tp may be 
predicted if the rotational correlation activation energy is known. 

Tf T) a Tp, and it is known at two temperatures a and Ty» 
then Sess = Spgs exp ((E,/R(/T he /T ebb and ER may be determined. 
Values of Ty for NADP at 20°C and 30°C have been compared (see Table 
IV) and yield a mean value of E, = 4.9 + 0.4 Kcal/mol. This agrees 
well with the values of 4.6 + 0.3 Keal/mol obtained by Ellis and 
co-workers (Zens et al., 1975) for NAD. Using an average of 4.75 


Kcal/mol for E, gives T. = 2.8 x 10°19 x mass 


10 


/mass x 


NADP NAD 
exp (-4750/R(1/278-1/293)) sec = 2.0 x 10~ sec for NADP at 20°C. 

This is reasonably close to the previously calculated value, and 

the small *ditterence may be ‘caused by the difterence’ in experimental 
conditions in this work as compared with those of Ellis and co-workers 


(ens et alimentos, 1070) Miihe value of 1.7 x ace! 


Se, 15 used for 
the subsequent calculations as it is derived from a simple compari- 
son of experimental values. 

Although 1/£T) p for the protons was obtained at only 
four temperatures, the plots of ie dhs versus 1/T (Figures 9 and 


10) indicate that the protons are in the fast exchange region. 


Proton A8, which is the proton closest to the slow exchange region, 


is not in the slow exchange region until the temperature drops 


below 15°C. Also, a comparison of the magnitudes of fT + 


1p amaM 
ty) for the A8 proton at 20°C (2.25 x 10°° sec, see Table II) with 


the value for Ty of 4 x 10°° sec obtained from the 31p data shows 


that TH is less than 20% of the value of fT) under these conditions. 


3 


A comparison of the Ip 1/£T, p (Table III) and 1/fT,, 


(Figure 11) values shows that for all three nuclei the ratio of 
1/£T,, to 1/£T)p is preater whan 15. That as (Th om + Ty) /M is 


greater than 13 and therefore Ty is less than 10% of 1/£T, p- 


Although the oy Tj values are in the slow exchange region, the T 


LP 


values are in the fast exchange region. Hence the equations for 


TE 


the distance calculations can be applied to the present T) data. 

The Mn(II) ion to proton distances are given in Table V 
and cee to the phosphorus nuclei are listed in Table VI. These 
were calculated using equation (10). For the protons, the Mn(II)- 
adenosine distances are all shorter than the Mn(II)-nicotinamide 
distances, which is to be expected in light of the location of 
the binding site. In principle, the Mn(II)-proton distance for A8 
should be corrected for the contribution of Ty to fT) p but this 
would only shorten the distance calculated by 0.1A, mich less than 
the error quoted in Table IV. 

Before a detailed discussion of these distances is made, 
it is appropiate to consider whether these distances are relevant 
in considering the solution conformation of free NADP. In order to 


assess the effect of metal ion binding on the NADP conformation, 
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TABLES eve, Ty Values and calculated Mn(II)-phosphorus 


distances for Mn(II)-NADP. 


315 Nucleus PReM EPIL IDE 
4 
Ear os 10° (410 MHz) 5.2 ree 7.8 
(iio 78) see 25) 
oO 
r(A) (110 Miz) Cy aa 
(146 Miz) ely eS 
G (A) Ga Be 
average 


(a) PR,. PL, -and*PH represent ‘the att 


P resonances corresponding 
to the 2'-ribose phosphate, the low field linkage phos- 
phate, and the high field linkage phosphate, respectively. 


{(b) These values are averages of those for samples 3 and 5, 
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NMR spectra of 0.003 M NADP in the presence and absence of Mg(II) 
ions (0.006 M) were obtained. Since the chemistry of Mg(II) and 
Mn(II) is similar, it is likely that these two ions form similar 
complexes with NADP. Maloney and Dennis (1977) measured the K. for 
the Mg ([I)-NADP complex and it is equal to 430 wt as compared to a 
K. for NADP of 760 Nig Assuming a Similar ratio of stability 
constants under the experimental conditions of the present study, 
approximately 1/2 of the NADP will be complexed. Differences in 

the peak positions in the two spectra (with and without Mg(II) ions 
added) of more than 0.5 Hz were not observed. The chemical shifts 
of the nicotinamide and adenosine protons are known to shift 0.1-0.3 
ppm to high field relative to those of NMN,5'-adenosine monphosphate 
(S'AMP), and adenosine diphosphoribose (ADPR) due to intramolecular 
Ying current shielding in NADP (Jardetzky and Wade-Jardezky, 1966; 
Sarma and Mynott, 1973). Any significant change in the spatial rela- 
tionship of the two rings would be expected to change this ring 
current shift, and the absence of any difference between the two 
spectra argues that such a change does not occur on the binding of 
Mg(II) ions. The possibility of opposing effects (a change in con- 
former populations to a set of conformers with identical shifts) 
cannot be ruled out, however. As the ribose region of the spectrum 
could not be examined in detail at 100 MHz, conclusions cannot be 
drawn with respect to conformational changes for the rest of the 
molecule on binding. Nevertheless, it is likely that our conclusions 
regarding the relative position of the two rings in the complex can 
be extended to free NADP. 


In addition, both rings may be in either the syn or anti 
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conformation with respect to their contiguous ribose groups. Ellis 
and co-workers (Zens et al., 1976) found that the adenine ring was 
92% anti at 5°C, and that similar molecules had a similar syn to anti 
ratio in the range 5°C -30°C. For the nicotinamide portion of the 
molecule, however, the Situation is less clear. Ellis and co-workers 
(Zens et al., 1976) found nearly equal syn and anti populations in 
NAD, wheas Sarma and Mynott (1973) state that the nicotinamide ring 
is predominately syn in NAD, On the other hand, Egan et al. (1975) 
found a slight preference for the anti conformation in NMN. A 
theoretical study (Thornton and Bayley, 1977) found a slight pre- 
ference for the syn conformation for the nicotinamide ring in 
stacked structures of NAD. 

In view of these results, the data in Table IV may now 
be analyzed. The Mn(II)-N4 (6.2 A) and Mn (TT)=NE* (5.7 A) distances 
are independent of the syn to anti ratio of the nicotinamide ring, 
and thus these two distances can be used to place the Mn(II) ion 
approximately 4.5 A from Cheering centre. thie Other three nicotin= 
amide distances are all equal (5.3-5.4 A) and constrain the vector 
from the ring centre to the Mn(II) ion to within 30° of the normal 
ROuthe ys leslie: thateisethesimn (ions i1sslocated more or Less 
darectly above,one of fthesrine faces, but which tace it 1s cannot 
be determined. 

ean euler Viare Tene CHI alse) cae tances 
Ganebe Used eto place tne Matil) ion felative to the-adenine rine. 
but the Mn(II)-A2 (5.0 A) distance is too short to be consistent 
with the other two adenosine proton distances. This can be explained 


in terms of the approximately 90% anti, 10% syn conformation ratio 
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for the adenine base in similar molecules (Zens et al., 1976). As 
we are observing a distance that is an average over yr, shorter 
distances are more heavily weighted. Thus, if A2 in the syn con- 
formation is roughly 3.5 A away, a value near 5 A will be observed 
even if the A2 proton is much further away in the anti conformation. 

The measured Mn(II)-adenosine distances are shorter than 
those observed for the Mn(II)-ATP system (Mildvan, 1977). The distances 
for Mn(II)-ATP are: A8, 4.5 A; ALY, 6.4 A; andwZe 0 #2 A. These 
different distances may be reconciled with those of the present 
Study when we consider the effect of the 2'-ribose phosphate of 
NADP, which ATP does not have. Space filling models show that if 
the linkage phosphate-bound Mn(II) ion is to simultaneously bind 
to the 2'-phosphate group, the adenine must be pulled much closer 
to the Mn(II) ion in NADP than in ATP. 

The calculated Mn (11)-°4p distances s@able Vijrare 3.5 A 
to the Me nucleus in the 2'-ribose phosphate group, 3.6 A to the 
linkage phosphorus resonating at lower field, and 3.7 A to the 
linkage phosphorus resonating at higher field. Blumenstein and 
Raftery (1972). tentatively assign the high field of the AB quartet 
for the linkage phosphate resonances to the a nucleus nearest the 


adenine base. These jt 


P, top Mn (IL) aon) distances: together with the 
Mn(II)-proton distances allow us to consider the conformation of 
the Mn(II)-NADP complex. 

First of all, the Mn(II) ion sits in a pocket between 
the three phosphates, bound to one oxygen of each of the linkage 


phosphates and to one or two of the ribose phosphate oxygens. The 
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adenine ring lies above and is tilted over the plane formed by the 
three phosphorus atoms, and is close to the Mn(II) ion. The nicotin- 
amide ring is 4.5 A away from the Mn(II) ion and faces it. Since the 
nicotinamide ring can move in an arc with respect to the Mn(II) ion, 
a family of conformations is possible, ranging from one in which 
both rings are parallel and 7-8 A apart to one in which the rings 
are roughly perpendicular and close to each other. Conformations 
with close and perpendicular rings may be ruled out as in dinu- 
Ccleotides and other systems such as DNA, the base planes are always 
parallel” to each other. Hence in the®Mn(11)-NADP complex there “is 
CSscntially MO ClLOSe. Stackine-oL the rips, 
Although it must be remembered that we are measuring 
time averaged distances for a molecule which is thought to exist 
in an equilibrium of folded and extended forms when not bound 
(Jardetzky and Wade-Jardetzky, 1966; McDonald et al., 1972), our 
measurements are not consistent with the existence of an equili- 
brium involving an extended and a folded form with closely stacked 
Pings Unless tie: Lolded torn exists Only a tew percent of the time. 
For free NADP, Sarma and Mynott (1973) concluded that 
iy the folded torn, the two rings are stacked. 3.0 A apart, which 
is not in agreement with the conclusion reached in the present 
study. On the other hand, Ellis and co-workers (Zens et al., 1976) 
concluded, based on the absence of any effect of adenine deutera- 
tion on the nicotinamide proton qT) Values that Che two yings in 
NAD are at least 4.5 A apart and thererore there’ is no Significant 


stacking of the rings in NAD. This conclusion is consistent with 
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the results of the present study for NADP. One drawback in the work 
of Zens et al. (1976) is that if NAD is folded roughly 20% of the 
time (Jardetzky and Wade-Jardetzky, 1966; McDonald et al., 1972) 
the time-averaged distance measured by Zen et al. (1976) would be 
greater tthan 4.5 A CVeNe Cher rine seat Caos. A apart in the folded 
form. 

In conclusion, the Mn(II) ion in the Mn(II)-NADP complex 
is bound simultaneously to both phosphate groups, and the two rings 
are about 7-8 A apart from each other in the complex. It appears 
that’ there is no ‘significant "stacking of the Tings. in the complex, 
and this conclusion may be extended, with reservations, to the free 
NADP molecule. 

There is much work which could be done to further eluci- 
date the nature of the Mn(II)-NADP complex and to show the relevance 
of the results obtained in the present study to the conformation of 
free NADP. Similar work to that already carried out on the aromatic 
protons should be carried at frequencies above 100 MHz in order to 
determine distances to the ribose protons, which cannot be resolved 
at 100 MHz. Alternatively, repeating the Tip measurements with a 
suitable shift reagent added in addition to the Mn(II) ions might 
prove useful in analysing the ribose region of the spectrun, 
providing that the effect of these shift reagents on the conformation 
could be evaluated. 

Another high frequency study which might be of interest 
would»be® ‘to’ search for’ changes in the. ribose region of the spectrum 
on binding of Mg(II) to NADP in order to determine what, if any, 


conformational changes are induced by metal ion binding. 
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